We evaluated the performance of the newly developed atmospheric mesoscale model, WRF, for the simulation of urban-scale weather in the Tokyo metropolitan area during a high photochemical Oxidant event. The simulation clearly shows that WRF represents the spatial distribution of surface air temperature during the daytime, although the model temperature is lower than the observations in the late afternoon to evening in the urban area. The wind system can be well reproduced in WRF. Simulated convergence zone moves toward the inland areas located to the northwest of the coastal area during the three hours. These results are consistent with the observations of temperature and Photochemical Oxidant, indicating that WRF has enough potential to predict the ongoing Oxidant concentration.
Numerical Simulation of Local Weather for a High Photochemical Oxidant Event Using the WRF Model

Introduction
Mesoscale meteorological models have been widely used for the analysis and prediction of urban heat island phenomenon (1) - (3) and air quality (3) - (7) . The Weather Research and Forecasting (WRF) model (8) is a nextgeneration mesoscale model with the advanced dynamics, physics, and numerical schemes, and thus it is expected that WRF is more useful than the current community models such as MM5 (9) in the analysis and prediction of the urban-scale local weather. Many mesoscale model users will use WRF for simulations of the heat island and air quality in the near future, however the performance of the WRF model for simulation of local weather has yet to be investigated. In the present study, we evaluate the performance of the WRF model for simulation of local weather in the Tokyo metropolitan area (the Kanto area, Fig. 1 ) during a high photochemical Oxidant event.
Description of the Weather Research and Forecasting Model, WRF
The WRF model has been developed via collaboration among the National Center for Atmospheric Research (NCAR), National Center for Environmental Prediction (NCEP), Forecast System Laboratory of the NOAA (NOAA/FSL), and Air Force Weather Agency (AFWA). The WRF model is a compressible, non-hydrostatic, Euler equation, mesoscale meteorological model, and the ARW core version of this model is defined as the next-generation model after MM5, which has been widely used all over the world. One of the strengths of WRF is that the dynamical core uses high-order accurate discretization schemes for time and space (10) , (11) . Time integration scheme is the third-order Runge-Kutta scheme with smaller time step for acoustic and gravity-wave modes. Spatial discretization schemes of the second-to sixth-order accuracy can be selected for the advection terms written in the Arakawa-C grid. Another strength is that the new physics schemes are incorporated. The model's prognostic variables are horizontal velocity components u and v, vertical velocity w, perturbation potential temperature, perturbation geopotential, perturbation surface pressure, and water vapor mixing ratio; optionally, turbulence kinetic energy and mixing ratio of cloud water, rain water, snow, and ice. The equations are written in the flux form that is used in the terrainfollowing mass (hydrostatic-pressure) vertical coordinate. Anisotropic transformations, such as a latitude-longitude grid, is accommodated by defining separate map factors for the x and y transformations. Three map projections are supported for real-data simulation: polar stereographic, Lambert-conformal, and Mercator. Curvature and Coriolis terms are included. Realistic simulations require proper specification of the lateral boundary conditions. Periodic, open, or symmetric boundary conditions are available for idealized simulation. Constant pressure is set at the top boundary condition, and gravity wave absorption by diffusion or Rayleigh damping can be used there. The bottom boundary condition is determined by the land surface model. Free-slip is also available for idealized simulations. There are many models for physical processes such as cloud microphysics model, cumulus parameterization, land surface model, surface layer model, boundary layer model, and atmospheric radiation model. Several options are available for each process. Physics (options) used in the present study are described in the Appendix. In the early afternoon between 1200 and 1500 JST, the Oxidant concentration was very high (Fig. 3) . At 1200 JST, the regions of 80 ppb were spread in and around Tokyo, Saitama, Yamanashi, Shizuoka, and Tochigi prefectures. In particular, the regions with 100 ppb were found in the center of Saitama. By 1500 JST, the regions with 80 ppb were spread in Saitama prefecture, western part of Tochigi prefecture, and Gunma prefecture. We can also confirm the particularly strong concentration over 100 ppb in Gunma prefecture. The high concentration areas moved northwest during the three hours. Figure 4 shows the spatial distribution of daytime surface air temperature. At 1200 JST, most of the Kanto area was higher than 32.5
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• C, and the regions with temperature higher than 35
• C appeared in northern and western parts of Tokyo and in the western part of Saitama prefecture. By 1500 JST, temperature reached higher than 35
• C in the entire Saitama prefecture and a part of the Gunma and Tochigi prefecture. Figure 5 displays the local wind field at 1200 and 1500 JST. At 1200 JST, the southern part of the Kanto area was dominated by southerly and southeasterly winds. The northwestern part of the plain was covered by the southeasterly winds, while southerly winds were predominant in the northeastern part. By 1500 JST, these winds became stronger and southeasterly winds covered the northern part of the plain. This phenomenon is regarded as the so-called 'extended sea breezes', which is generated by the interaction between sea breeze and valley wind.
In the present study, we simulated the local weather during this event using WRF. Model domain is 750 km in the horizontal direction, which includes the Kanto area. The top level is set to be 50 hPa. The initial time of the simulation is 2100 JST on July 4 2001 and the time integration is done for 30 h. JMA-RSM analysis data is employed for creating the initial and boundary conditions. The other configurations are summarized in Table 1 . Table 1 Configuration of the WRF model used in the present study Figure 6 is the comparison of the solar radiation between model outputs and observations. The model output agrees with the observations well, although the former slightly overestimates the latter in the morning. Figure 7 shows the spatial distribution of 2-m temperature simulated by WRF. The simulated results roughly agree with the observed ones at both of 1200 and 1500 JST. The diurnal variation is also represented well during the day-time, although the temperature cooling is more rapid in the model than the observations in the late afternoon to evening at Otemachi that is one of the biggest office areas in Tokyo (Fig. 8) . This should be due to the lack of urban canopy processes and anthropogenic heat (12) - (15) . The simulated wind field agrees well with the observations at both of 1200 and 1500 JST (Fig. 9) . Another important point is that the convergence zone is formed by the sea breezes, and the zone moves toward Gunma prefecture from Saitama prefecture by 1500 JST. These are coherent with the observations of temperature and Photochemical Oxidant that is strongly affected by the advection. The results suggest that the WRF has enough potential to predict the ongoing Oxidant concentration.
Summary
In this study, we evaluated the performance of the newly developed atmospheric mesoscale model, WRF, for the simulation of local weather in the Tokyo metropolitan area during a high Photochemical Oxidant event.
The simulation clearly shows that WRF represents the spatial distribution of surface air temperature during the daytime. The wind system is also well reproduced in WRF. The simulated convergence zone moves toward Gunma prefecture located to the northwest of Tokyo. These results are consistent with the observations of temperature and Photochemical Oxidant, suggesting that WRF has enough potential to predict the ongoing Oxidant Of course, WRF has some shortcomings. One of them is that WRF has a tendency to estimate the urban temperature to be lower, particularly at night. Therefore, further improvements are required for the land surface processes. In fact, the land surface modeling group in the WRF project is currently trying to embed urban canopy processes in the WRF model. The preliminary results show that the modified WRF well reproduces the nocturnal heat island of Tokyo, whereas the standard one fails the reproduction (16) . The comparison indicates that the urban canopy model can improve the local weather prediction. The mesocale events of Photochemical Oxidants will be simulated by this modified WRF and CMAQ (17) in near future. tivity.
( 3 ) Similarity theory This scheme calculates the surface exchange coefficients for heat, moisture, and momentum based on MoninObukhov similarity theory. Stability function and length are iteratively calculated.
( 4 ) MRF This scheme calculates vertical diffusion coefficient with an implicit local scheme. This is non-local scheme and employs a counter-gradient flux for heat and moisture in unstable conditions. This is computationally efficient scheme because there is no prognostic variable such as turbulence kinetic energy.
( 5 ) Dudhia shortwave This scheme estimates downward integration of solar flux, accounting for clear-air scattering, water vapor absorption, and cloud albedo and absorption. This is computationally efficient because it uses look-up tables for clouds.
( 6 ) RRTM This scheme estimates atmospheric longwave radiation. This is a spectral-band scheme using the correlated-k method. It uses pre-set tables to accurately represent longwave processes due to water vapor, ozone, CO 2 , and trace gases, as well as accounting for cloud optical depth.
